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Abstract 

The contribution of the QCD pomeron to the processes: e~^e~ e'^ e~ J / ip J / ijj 
and e'^e~ e'^e~ hadrons (with tagged electrons) is discussed. We focus on re- 
actions which occur via photon-photon colhsions, with virtual photons coming 
from the Weizsacker-Wiliams spectrum of the electrons. We stress the impor- 
tance of the non-leading corrections to the BFKL equation and take into account 
dominant non-leading effects which come from the requirement that the virtuality 
of the exchanged gluons along the gluon ladder is controlled by their transverse 
momentum squared. The 7*7* cross-sections are found to increase with increas- 
ing 7*7* CM energy W as (W^)^^ while the cross-section for 77 J/ipJ/tl; is 
found to increase as (M^^)^^^. The parameter Ap is slowly varying with energy 
W and takes the values Ap ~ 0.23 — 0.35 depending on the process. We also 
analyze the contribution of the soft pomeron for the total 7*7* cross-section. We 
compare results of our calculations to the recent data from LEP. 
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1 Introduction 



Two photon reactions are an important part of physics which is being studied in current 
e^e~ experiments at LEPl and LEP2 and which will also be intensively analyzed in 
future e^e~ colliders. The available photon-photon energy and photon virtualities 
continously increase with the increasing energy of the e^e~ pair. Therefore the data 
from LEPl and LEP2 and the expected results from the TESLA and NLC provide 
us with an excellent oportunity to study virtual photon scattering in the diffractive 
regime. Moreover, with proper experimental cuts, it is possible to study observables 
dominated by the perturbative QCD contributions. The theoretical description of such 
processes is based on expectations concerning high energy limit in perturbative QCD 
which is at present theoretically fairly well understood . The leading high energy 
behaviour is controlled by the pomeron singularity which corresponds to the sum of 
ladder diagrams with reggeized gluons along the chain. This sum is described by the 
Balitzkij, Fadin, Kuraev, Lipatov (BFKL) equation |^. 

The perturbative QCD pomeron exchange effects can be observed only in specific 
conditions and even then not in the unambigous form. In order to minimize the contri- 
bution of the other mechanisms competing with the QCD pomeron and to guarantee 
the validity of the calculations based on perturbative QCD one has to chose carefully 
the processes to analyze. The virtualities of the gluons along the ladder should be 
large enough to assure the applicability of the perturbative expansion. The neccesary 
hard scale may be provided either by coupling of the ladder to scattering particles, 
that contain a hard scale themselves, or by large momentum transfer carried by the 
gluons. Moreover, to distinguish the genuine BFKL from DGLAP evolution effects it 
is convenient to focus on procesess in which the scales on both ends of the ladder are of 
comparable size. Finally, one requires that the non-perturbative effects should factor 
out in order to minimize the theoretical uncertainties. 

The two classical processes which can probe the QCD pomeron in ep and in 7*p 
collisions are the deep inelastic events accompanied by an energetic (forward) jet 0, |^ 
and the production of large pt jets separated by the rapidity gap The former 
process probes the QCD pomeron in the forward direction while the latter reflects 
the elastic scattering of partons via the QCD pomeron exchange with non-zero (and 
large) momentum transfer. Another possible probe of the QCD pomeron at (large) 
momentum transfers can be provided by the diffractive vector meson photoproduction 
accompanied by proton dissociation in order to avoid nucleon form-factor effects 0, |[ . 

In this talk we shall analyze two measurements in e^e~ collisions, complementary 
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to those listed above. Namely we focus on double diffractive J/iIj production in 77 
collisions and on the total 7*7* cross section. The former process is unique since in 
principle it allows to test the QCD pomeron for arbitrary momentum transfers 0. 
The hard scale is given by the relatively large mass of the c-quark. The total 7*7* 



cross-section has been studied by several authors [|T0|, |11[], however our approach has 
the novel feature of taking into account dominant non-leading corrections to the BFKL 
equation. This re-analysis has become necessary when the next-to-leading corrections 



to the BFKL kernel were obtained [Q, which alter substantially the results obtained 
at the leading order. It turns out that the magnitude of the next-to-leading (NLO), i.e. 
0{af), contribution to the QCD pomeron intercept is very large for the values of the 
QCD coupling within the range which is relevant for most experiments. This means 
that the NLO approximation alone is not reliable and one has to perform resummation 
to all orders. Unfortunately the exact result of this resummation is unknown. It may 
however be possible to pin down certain dominant contributions of well defined physical 



origin and perform their exact resummation |T^, |TJ]. In our approach we shall use the 
so called consistency constraint which limits the available phase space for the real gluon 
emission by imposing the requirement that the virtuality of the exchanged gluons along 
the chain is dominated by their transverse momentum squared. Let us remind that 
the form of the LO BFKL kernel where the gluon propagators contain only the gluon 
transverse momentum squared etc. is only valid within the region of phase space 
restricted by this constraint. Formally however, the consistency constraint generates 
subleading corrections. It can be shown that at the NLO accuracy it generates about 
70 % of the exact result for the QCD pomeron intercept. The very important merit of 
this constraint is also the fact that it automatically generates resummation of higher 
order contributions which stabilizes the solution |jT3 . 



2 The total 7*7* cross-section 

The collisions of virtual photons may be studied experimentally only as subprocesses 
of reactions between charged particles. In principle, one is able to unfold the pho- 
tonic cross-section from the leptonic data, however this procedure requires additional 
assumptions which increase the systematic uncertainty of the result. It seems to be 
more sensible to formulate the predictions for the e^e~ cross-sections with the prop- 
erly chosen cuts and compare them directly with the e^e~ data. Therefore we use the 
equivalent photon approximation which allows us to express the leptonic cross-section 
through a convolution of the photonic cross-section and the standard flux factors. Thus 
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Figure 1: The QCD pomeron exchange mechanism of the processes a) 7i(Qi)72(Q2) ~^ 
and b) 77 J 111)3 

the cross-section for the process e^e^ — > e^e^ +X (averaged over the angle cf) between 
the lepton scattering planes in the frame in which the virtual photons are aligned along 
the z axis) is given by the following formula [O: 



where 



P^fe) = l±Sl^ (2) 

P-:il(v) = (3) 

where yi and y2 are the longitudinal momentum fractions of the parent leptons carried 
by virtual photons, Q] = —qf {i = 1,2) where gi,2 denote the four momenta of the 
virtual photons and is the total CM energy squared of the two (virtual) photon 
system, i.e. W"^ = (gi + ^2)^- The cross-sections a^^*^*{Ql, Ql, W"^) are the total cross- 
sections for the process 7*7* X and the indices i,j = T,L denote the polarization 
of the virtual photons. The functions P^jliy) and P^^l{y) are the transverse and 
longitudinal photon flux factors. 



The ladder diagram corresponding to the perturbative contribution to the diffractive 
subprocess li{Q\)l* {Ql) ^ X is shown in Fig. la. The cross-sections aJj*^* {Ql, Q\, W"^) 
are given by the following formulae: 
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In Eq. we sum over four quark flavours with for hght quarks and = 

1.5 GeV. The lower limit of integration over k"^ appearing in Eq. is taken to be 
/cq = 1 GeV^ in order to subtract the contribution from the nonperturbative region 
from the perturbative part of the amplitude. The functions Q^, defined 

as below: |Tl|, |l5| 
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where 



1 + A 



(9) 

(10) 
fll) 



p = p' + {z — l)k 

Di = + z{l - z)Q^ + ml 

D2 = {p + kY + z{l~ z)Q^ + ml (12) 

In the formulae given above as well as throughout the rest of the text we are using 
the one loop approximation for the QCD coupling with the number of flavours 
Nf = 4: and set Aqcd = 0.23 GeV. The function Ps{Ql,Ql,W'^) corresponds to the 
contribution from the region k"^ < k^ in the corresponding integrals over the gluon 
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transverse momenta. It is assumed to be dominated by the soft pomeron contribution 
which is estimated from the factorisation of its couphngs, i.e. 



a. 



SP 

pp 



(13) 



We assume that this term is only contributing to the transverse part. In equation (|T3D 
the cross-sections c'"^/(Q2)p(Q^, W^) and a^^ are the soft pomeron contributions to the 



7*p and pp total cross sections and their parametrisation is taken from Refs. [jT6|, [17 
Their W"^ dependence is, of course, universal i.e. 



^SP 

pp 



W 



2 \ asp(0)-l 



<^'AQi)P^Ql^") = MQ'Wp[^2 



2 \ asp(0)-l 



(14) 



with Wo = I GeV and asp{0) ~ 1-08. The function $r(A;^, Q^, x^) satisfies the Bal- 
itzkij, Fadin, Kuraev, Lipatov (BFKL) equation which, in the leading ln(l/x) approx- 
imation has the following form: 



/ — 



IT 



x' Jkl k'^ 



|fc'2 - PI 



V4A;'4 + 



(15) 



In what follows we shall consider the modified BFKL equation in which we restrict 
the available phase-space in the real gluon emission by the consistency constraint: 



k'^ < k- 



X 



X n 



(16) 



This constraint follows from the requirement that the virtuality of the exchanged gluons 
is dominated by their transverse momentum squared. The consistency constraint (|I6|) 
introduces the non-leading ln(l/a;) effects and in the next-to-leading approximation 
exhausts about 70% of the entire next-to-leading corrections to the QCD pomeron 
intercept. The modiffied BFKL equation takes the following form: 



Uk\ Q\ X,) = $°(fc^ Q^ X,) + ^'{k', Q\ x,)5.T + ^""'^^'^ 



TT 



^ 1 dx' dk'"^ 



kl 



Uk'\Q\x')Q{k^f^-k'^) - $^(fc2^QV0 ^ $^(p^g 



2 X') 



\k'^ - 



V4fc'4 + k^ 



(17) 
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The inhomogeneous terms in equations (|T^, 17) are the sum of two contributions 
$°(fc^,Q^,Xg) and ^^{k'^,Q^,Xg)6iT. The first term $°(/c^, Q^, Xg) corresponds to the 
diagram in which the two gluon system couples to a virtual photon through a quark 
box and are given by following equations: 



where 



, Q\ z) = 2aemelas{k' + m^) / d\ 



[A^ + (l-A)^][^^ + (l-^)^]fc^ 
\{l - \)k^ + z{l - z)Q^ + ml 



+ 



2mi 



z{l-z)Q^ + ml X{1 - \)k^ + z(l - z)Q^ + ml 
G%{k\ Q\ z) = 16aemQ^eelas{k^ + m\) x 



d\ 



\\{\-\)\\z\\-zf\ 



(19) 



(20) 



[A(l - A)F + z{\ - z)Q^ + ml] [z{l - z)Q^ + ml] J 

The second term ^^{k'^,Q'^,Xg)6iT, which is assumed to contribute only to the trans- 
verse component, corresponds to the contribution to the BFKL equation from the 
nonperturbative soft region fc'^ < /cq. Adopting the strong ordering approximation 
k'"^ <^ k'^ it is given by the following formula: 



TT Jxn X Jo K 



(21) 



The last integral in equation (|2l|) can be interpreted as a gluon distribution in a virtual 
photon of virtuality evaluated at the scale /cq. At low values of x' it is assumed to be 
dominated by a soft pomeron contribution and can be estimated using the factorisation 
of the soft pomeron couplings: 



/. 



^=0 dk 



/2 



<l>T{k'\Q^x') 



TT X gp{x , /Co) 



(22) 



where gp{x', k^) is the gluon distribution in a proton at the scale /cq and the couplings 
P-yiQ^) and Pp are defined by equation (|^). We adopt the parametrization of the 



gluon structure function taken from Ref.|]T5| i.e. xg{x,kl) 
consinstent with the DIS data. 



1.57(1 



X 



,2.5 



which is 



In Fig. 2 we show our results for a'^?'^*{Ql,Ql,W^) plotted as the function of the 
CM energy W for three different values of where Q\ = Q\ = Q^- We plot in this 
figure: 
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Figure 2: Energy dependence of the cross-section a^T^*{Qi,Q2,W^) for the process 
7*(Qi)7*(Q2) ~^ for various choices of virtualities = Qi = Q\ corresponding to Eq. (^. 
For each choice of the virtuahty four curves are shown taking into account hard effects only 
("hard part"), hard ampUtude with soft pomeron contributions added in the source term of 
the BFKL equation ("mixed"), the full cross-section including both soft and hard pomeron 
contributions ("full result"). We also show the "full result" with the low scale of in the 
impact factors: /u^ = {}? -|- mq)/4. 



7 



the pure QCD (i.e. "hard") contribution obtained from solving the BFKL equa- 
tion with the consistency constraint included (see Eq. (|T^) and with the inho- 
mogeneous term containing only the QCD impact factor defined by equations 



2. the "mixed" contribution generated by the BFKL equation ([T7|) with the soft 
pomeron contribution defined by equations (21, |2^) included in the inhomoge- 
neous term, 



3. The "full" contribution which also contains the soft pomeron term (O). 



We also show results obtained by changing the scale of the strong coupling in the 
impact factors from k"^ + to {k"^ + mq)/4. The scale of ag in the BFKL equation 
is the same in the both cases. The components of the cross-section for which at least 
one of the photons is longitudinally polarized have very similar energy dependence to 
a^T^*{Ql,Q2,W'^) and give together about 60% of the transverse-transverse contribu- 
tion. 

We see from this figure that the effects of the soft pomeron contribution are non- 
negligible at low and moderately large values of < 10 GeV^ and for moderately 
large values of < 100 GeV. The QCD pomeron however dominates already at 

= 40 GeV^. We also see from this figure that for low energies W < 40 GeV the 
phase-space effects are very important. For W > 40 GeV or so one observes that 
the cross-section exhibits the effective power-law behaviour a^^iW) ~ (W'^)'^^. The 
(effective) exponent increases weakly with increasing and varies from Xp = 0.28 for 
g2 = 2.5 GeV^ to Xp = 0.33 for = 40 GeV^. This (weak) dependence of the effec- 
tive exponent Xp with is the result of the interplay between soft and hard pomeron 
contributions, where the former becomes less important at large Q^. 



Using Formula (|l]) integrated over the virtualities in the range allowed by the rel- 
evant experimental cuts, we have calculated the total cross-section for the process 
e~^e~ e^e~ + X for LEPl and LEP2 energies and confronted results of our cal- 
culation with the recent experimental data obtained by the L3 collaboration at LEP 
||18|| . Comparison of our results with experimental data is sumarised in Table 1. We 
show comparison for da/dY, where Y = ln{W^ /Q1Q2) with subtracted Quark Parton 
Model (QPM) contribution. We see that the contamination of the cross-section by soft 
pomeron is substantial. The data do also favour the smaller value of the scale of ag- 
in general, the results of our calculation lay below the data, however the error bars are 
still quite large, so that the discrepancy is not very pronounced. Let us also mention 
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Table 1: Comparison of the theoretical results to L3 data for e^e^ — > e~^e^X with 
Etag > 30 GeV, 30 mrad < 9tag < 66 mrad. We show in the table da/dY binned in Y 
obtained from experiment and the results of our calculation which take into account 
perturbative pomeron only (hard) and both perturbative and soft pomerons (hard + 
DL) for two different choices of scale of the ag in impact factors and for e'^e~ CM 
energy 91 GeV and 183 GeV. 



AY 


(da/dY) [fb] 


Data — QPM 


Theory (BFKL+DL) 






Hard 


Hard + DL 


Hard 


Hard + DL 


91 GeV 


2-3 


480 ± 140 ± 110 


76 


206 


34 


163 


3-4 


240 ± 60 ± 50 


114 


237 


53 


173 


4-6 


110 ± 30 ± 10 


60 


109 


29 


74 


183 GeV 


2-3 


180 ± 120 ± 50 


51 


68 


25 


42 


3-4 


160 ± 50 ± 30 


70 


86 


34 


49 


4-6 


120 ± 40 ± 20 


70 


85 


35 


47 
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that cuts applied to obtain the data shown in Table 1 admit rather low 77 energies 
i.e. below 10 GeV |TB[, which probably is not sufficient to justify the validity of high 
energy limit in QCD. 



3 Exclusive J/ijj production 

The experimental aspects of the measurement of double exclusive J/ip production are 
different from those for the virtual photons scattering. Namely, since the c-quark 
provides the energy scale, we may perturbatively describe the cross-section for the 
process of exclusive J /if) production in which almost real photons take part. It is an 
important feature beacause the photon flux in electron is dominated by low virtualities. 
On the other hand one may measure the produced J / tp-s through theirs decay products 
with no need of tagging of the electrons. Thus, it is prefered to focus on events with 
anti-tagged leptons. The cross-section for the process e~^e~ — > e~^e~ + Y for anti-tagged 
corresponds to the production of the hadronic state Y in 77 collision and is given 



by the following convolution integral: [jT9 

r-l rl 



ae+e-^e+e-+y = dy^ dy2&{W'-W^,)a^^^y{W')Myi)My2). (23) 

where the 77 system invariant mass squared W"^ is related to the lepton CM energy 
squared s by the simple formula: = yiy2S. The flux factor takes the form: 



2-K 

and 



In - 2miy 



/ mtn \ ^ mm ^ max , 



(24) 



2 _ mly"^ 

'^min ~ _ y^'^) 
Qmax "(-'-"" y)^beam^max- (26) 

The lower limit follows from the kinematics of photon emission from a lepton whereas 
the upper one arises from the upper hmit 9max for the lepton scattering angle. The 
minimal invariant mass squared of the hadronic system Wyo, the angle Omax and the 
beam energy Eh^am depend on the process and experimental conditions. For diffractive 
J/ip production we shall choose Omax = 30 mrad in accordance with LEP conditions 
and Wyo = 15 GeV. 



The formalism that we shall employ to evaluate the cross-section of the sub-process 
77 J/ipJ/'ip is very similar to this used in the previous section. However some 
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Figure 3: The diagrams describing the couphng of two gluons to the ^ ^ J/il) transition 
vertex. 

modification are neccessary in order to adopt to specific features of the process. First 
of all we have to go beyond the forward configuration of the pomeron by the use of 
the BFKL equation with non-zero momentum transver. Besides that, we introduce a 
parameter sq in the propagators of exchanged gluons instead of the infra-red cut-off 
kl applied in the previous case. This parameter can be viewed upon as the effective 
representation of the inverse of the colour confinement radius squared. Sensitivity of 
the cross-section to its magnitude can serve as an estimate of the sensitivity of the 
results to the contribution coming from the infrared region. It should be noted that 



formula (pT]) gives finite result in the limit Sq = 0. While analyzing this process we use 



the asymptotic (high-energy) form of the amplitude, neglecting the phase space effects. 

The imaginary part Im74(PF^, t = — Qp) of the amplitude for the considered process 
which corresponds to the diagram in Fig. lb can be written in the following form: 

lmA{W,t- Q,)-j , [(fc + Q^/2)2 + ,^][(fc_Q^/2)2 + ,^] (27) 

In this equation x = ni^jj^/W'^ where W denotes the total CM energy of the 77 system, 
mji^ is the mass of the J/ip meson, Qp/2 ± k denote the transverse momenta of the 
exchanged gluons and Qp is the transverse part of the momentum transfer. 
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The impact factor $o(^^) Qp) describes the "^J/ip transition induced by two gluons 
and the diagrams defining this factor are illustrated in Fig. 3. In the nonrelativistic 
approximation they give the following formula for $o(^^; Qp) pO| : 



(J 



m 



J/V 



/4 + F 



where 



C = Qc-rcmj/^fj/^ 



with Qc = 2/3 denoting the charge of a charm quark and 



m 



J/-<P 



+ Q 



fj/i(> 



(2J 



(29) 



(30) 



(31) 



where Tjj^^i+i- is the leptonic with of the J /if) meson. In our calculations we will set 
fj/ii = 0.38 GeV. The function $(a;, k, Qp) satisfies the non-forward BFKL equation 
which in the leading ln(l/x) approximation has the following form: 



^x,k,Qp) = ^,{k\Q'p) + 



27r2 



X X' J { 



kl 



^2 



kf + So kf + So 
kl 



Q 



2 jk' - fc)^ + So 

k['+som'+so) 



k't 



where 



and 



[k' - fc)2 + 2so k'^ + {k' - fc)2 

Qp 



2so 



k' - ky + So 

$(x',fc',Qp; 

^{x\k,Qp) 



X 



(32) 



kl' 



Qp 



±k 



±k' 



(33) 



denote the transverse momenta of the gluons. The scale of the QCD coupling which 
appears in equations (|28| ) and (^) will be set ij? = k"^ + Qp/4 + ml where rric denotes 
the mass of the charmed quark. The differential cross-section is related in the following 
way to the amplitude A: 

Generalization of the consistency constraint (0) to the case of non-forward configura- 
tion with Qp > takes the following form: 

(35) 



X 



<{k' + Qj,/A)- 

X 
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Besides the BFKL equation (|3^ in the leading logarithmic approximation we shall also 
consider the equation which will embody the constraint in order to estimate the 
effect of the non-leading contributions. 



The corresponding equation which contains constraint (|35|) in the real emission 
term reads: 



<l>{x,k,Qp) = %{e,Ql) + 



3a, (/i^) /•! dx' 




{k' - kf 



So 



So)(fc'2^ + So)_ 



X' 







^2 



(fc' - kf + So ' 

{k^ + Q|/4)x7x 



X 



k'^ + {k'-kY + 2s, ' fc'2' + (fc'-fc)2 + 2soj'^^''''^'^^^J ^^^^ 
We solved equations (|32|) and (|36|) numerically setting mc = mj/^/2. Brief summary of 
the numerical method and of the adopted approximations in solving equations ( |32| , |36D 
has been given in Ref.p. Let us recall that we used running coupling with the scale 
fi^ = k"^ + Q']}/^ + m^. The parameter sq was varied within the range 0.04 GeV^ < 
So < 0.16 GeV^. It should be noted that the solutions of equations 



6!) and the 



amplitude (pT]) are finite in the limit So = 0. This follows from the fact that both 
impact factors $o(^^5Qp) and fc, Qp) vanish for k = ±Qp/2 (see equations (|28| , 
32|, |36D). The results with finite sq are however more realistic. 



In Fig. 4 we show the cross-section for the process 77 J/ipJ/ip plotted as the 
function of the total CM energy W . We show results based on the BFKL equation in 
the leading logarithmic approximation as well as those which include the dominant non- 
leading effects. The calculations were performed for the two values of the parameter 
So i.e. So = 0.04 GeV^ and so = 0.16 GeV^. In Fig. 5 we show the t-dependence of 
the cross-section calculated for so = 0.10 GeV^. We show in this figure results for 
two values of the CM energy W {W = 50 GeV and W = 125 GeV) obtained from 
the solution of the BFKL equation with the non-leading effects taken into account 
(see Eq. (PB])) and confront them with the Born term which corresponds to the two 
(elementary) gluon exchange. The latter is of course independent of the energy W. 
The values of the energy W were chosen to be in the region which may be accessible 
at LEP2. Let us discuss crucial features of the obtained results: 

1. Non leading corrections. We see from Fig. 4 that the effect of the non- leading 
contributions is very important and that they significantly reduce magnitude of 
the cross-section and slow down its increase with increasing CM energy W. 
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Figure 4: Energy dependence of the cross-section for the process 77 — > J/ijjJ/il). The 
two lower curves correspond to the calculations based on equation (^) which contains the 
non- leading effects coming from the constraint (^). The continuous line corresponds to 
So = 0.04 GeV^ and the dashed line to sq = 0.16 GeV^. The two upper curves correspond 
to equation ( ^2|) i.e. to the BFKL equation in the leading logarithmic approximation. The 
dashed-dotted line corresponds to sq = 0.04 GeV^ and short dashed line to sq = 0.16 GeV^. 
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2. Energy dependence. The cross-section exhibits approximate [W'^)^^'' depen- 
dence. The parameter Xp, which slowly varies with the energy W takes the 
values Ap ~ 0.23 - 0.28 within the energy range 20 GeV < W < 500 GeV rele- 
vant for LEP2 and for possible TESLA measurements. These results correspond 
to the solution of the BFKL equation ( |36D which contains the non-leading effects 
generated by the constraint (|35|) . The (predicted) energy dependence of the cross- 
section {{W'^y^^ , Xp ~ 0.23 — 0.28) is marginally steeper than that observed in 
J/ip photo-production It should however be remebered that the non-leading 
effects which we have taken into account although being the dominant ones still 



do not exhaust all next-to-leading QCD corrections to the BFKL kernel ||12[- The 
remaining contributions are expected to reduce the parameter A p but their effect 
may be expected to be less important than that generated by the constraint (pSl). 
The cross-section calculated from the BFKL equation in the leading logarithmic 
approximation gives much stronger energy dependence of the cross-section (see 
Fig. 4). 

3. The value of the cross-section. Enhancement of the cross-section is still 
appreciable after including the dominant non-leading contribution which follows 
from the constraint (|35[). Thus while in the Born approximation (i.e. for the 
elementary two gluon exchange which gives energy independent cross-section) we 
get atot ~ 1-9 — 2.6 pb the cross-section calculated from the solution of the BFKL 
equation with the non-leading effects taken into account can reach the value 4 pb 
at Vl^ = 20 GeV and 26 pb for W = 100 GeV i.e. for energies which can be 
accessible at LEP2. 

4. Infrared sensitivity. The magnitude of the cross-section decreases with in- 
creasing magnitude of the parameter sq which controls the contribution coming 
from the infrared region. This effect is however much weaker than that generated 
by the constraint ([35| ) which gives the dominant non-leading contribution. The 
energy dependence of the cross-section is practically unaffected by the parameter 

So- 

5. The t-dependence. Plots shown in Fig. 5 show that the BFKL effects signifi- 
cantly affect the t-dependence of the differential cross-section leading to steeper 
i-dependence than that generated by the Born term. Possible energy dependence 
of the diffractive slope is found to be very weak (see Fig. 5). Similar result was 
also found in the BFKL equation in the leading logarithmic approximation [§]. 

In our calculations we have assumed dominance of the imaginary part of the pro- 
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Figure 5: The differential cross-section of the process 77 — > J/ij^J/tp corresponding to the 
solution of equation ( |36|) which contains the non-leading effects coming from the consistency 
(kinematical) constraint ( |35[ ) shown for two values of the CM energy W , W = GeV 
(continuous line) and W = 125 GeV (dashed line). The short dashed line corresponds to 
the Born term i.e. to the elementary two gluon exchange mechanism which gives the energy 
independent cross-section. The parameter sq was set equal to 0.10 GeV^. 
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duction amplitude. The effect of the real part can be taken into account by multiplying 
the cross-section by the correction factor 1 + tg'^{TTXp/2) which for Xp ~ 0.25 can in- 
troduce additional enhancement of about 20 %. 



The photonic cross- sect ions that we obtained in this section are rather low in terms 
of the expected number of events, at least for the LEP2 luminosity. Therefore we 
consider the most inclusive observables relevant for double J/ip production in e~^e~ 
collisions which is the total cross-section atot{G~^G~ — > e~^e~ J/ipJ/tp). In fact, it is con- 
venient to impose additionally the anti-tagging condition. Taking 9max = 30 mrad we 
get for the o"tot(e"^e~ e^e~ J/ipJ/ip) the values of about 0.14 pb at ^/s = 175 GeV 
and 0.74 pb at ^/s = 500 GeV (i.e. for typical energies at LEP2 and TESLA respec- 
tively). Therefore, assuming the LEP2 luminosity to be about 500 pb^^ we predict 
about 70 events, which is far below the previous expectations [19|. Besides, if one mea- 
sures both the J/ip-s through the leptonic decay channels the rate should be divided 
by factor of about 20, which cuts down the statistics to only a few events. 



4 Discussion and summary 

From the theoretical point of view, there exist excellent oportunities to study the ex- 
change of the QCD pomeron in e~^e~ colliders. The two golden-plated measurements 
for this purpose are exclusive J/ip production and the total 7*7* cross-section. Both 
these processes allow to reduce substantially the contribution of unknown, nonpertur- 
bative elements. However, the leptonic cross-sections in both cases are well below 1 pb 
in LEP2 conditions, which makes the measurement rather difficult there. Nevertheless 
this problem does not appear at the future linear colliders e~^e~ for which the lumi- 
nosity is expected to be much larger than at LEP and moreover the cross-section for 
diffractive processes is enhanced due to the photon flux and the pomeron effects. The 
large expected statistics enables one to reach the region of large photon virtualities (for 
double tagged events) where the perturbative calculations are more reliable. 

The important point that should be stressed once more is the existence of large 
non-leading corrections to BFKL equation, which influence dramatically the theoretical 
estimate of the pomeron intercept i.e. the behaviour of the cross-sections as functions 
of the energy. The recently calculated magnitude of next-to-leading contribution to 
the intercept (for any relevant value of the strong coupling constant) is comparable 
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or even greater than the leading term. This imphes a very poor convergence of the 
perturbative series. Thus one is forced to rely on a resummation scheme. We adopt the 
so called consistency constraint, which is based on the requirement that the virtualities 
of gluons exchanged along the ladder are dominated by transverse momenta squared. 
This constraint introduces at the next-to-leading order a correction to the pomeron 
intercept which exhausts about 70% of the exact QCD result. The main advantage 
of this approach is that there is a good physical motivation behind it. Moreover it 
also offers an approximate resummation scheme for the perturbative expansion of the 
intercept. 

Employing this scheme we found significant reduction of the predicted value of the 
intercept in comparison to the leading value. We find that the calculated behaviour of 
the 7*7* total cross-section exhibits approximate power law dependence {W'^)^'' with 
0.28 < Ap < 0.35. It is also found that the cross-section for 77 J/ipJ/ip increases 
with increasing energy W as [W"^)"^^^ with Ap varying from 0.23 to 0.28. This has 
important consequences for the phenomenology, since the enhancement of the cross- 
section although still quite appreciable is much smaller than that which follows from 
estimates based on the leading logarithmic approximation ||19[. The results of our cal- 
culation are in fair agreement with the existing data for 7*7* cross-section from LEP, 
although the theoretical calculations have a tendency to underestimate experimental 
results. They are also much more realistic than the predictions following from the 
leading order BFKL equation, which are an order of magnitude larger. The encour- 
aging element is that even this very first data with rather low statistics, are enough 
to show clearly the importance of non-leading corrections. We may therefore expect 
that when the excellent data from linear colliders will be available we will acquire very 
good opportunity to test our models and to understand more deeply the physics of the 
QCD pomeron. 
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